
.

Advancements in MEMS
Processing Technology

John D. Olivas and Stephen Bolin

Materials and

From flchievcmcnts in disphry inuaging to
air Iwg deployment, nlicroclcctrolllcclla rlicol
sy~~rmsflrc brcoming rnord commonplncf in
evcrqdrry life. Wit}l an abundance of oppor-
tun;ties~or innovative R&Din fhcfield, the
research trends arc not only directed toward
nozK4sensor and actuator development, but
also touurrdfurther miniat uriimtion, specifi-
cally achieving micro- and nanoscaled inte-
grated systems. RL5D eflorts in space, mili-
tary, andcomrnercial applications a redirect-
in~ specific research prograrnsfocused on the
area of materials science as an enabling tech-
nology to be exploited by researchers and to

further push the envelope of micrometer-
scuied device technology. These endeavors
are making sign ~icant progress in bringing
fhis aspect of the microelectro-rnechanical

field to maturation through advances in
materials and processing technologies.
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Figure 1. An example of bulk micromachinin~.
(a) bare silicon substrate; (b) deposit silic~n
nitride on both sides of substrate; (c) deposit
and pattern photoresist; (d) silicon nitride etch;
(e) remove photoresist; (f) anisotropic silicon
etch; (g) remove nitride; (h) grow thermal
oxide; (i) deposit and pattern photoresist; and

(i) deposit metal and lift off photoresist.

INTRODUCTION

Microelectromechanical systems

(MEMS) are typically defined as a class
of mechanical actuators, sensors, and
other devices that are microscopic in
scale and typically fabricated by the tech-
niques used in the manufacture of inte-
grated circuits and semiconductor com-
ponents. In general, the devices operate
under the same premise as macroscale
components; however, fundamental
principles, from design and materials
selection to fabrication techniques, are
substantially different. The devices may
either be independent structures or be
integrated into other microelectronic
circuit devices.]

Traditional design principles that gov-
ern how engineers and scientists create
devices take on a significantly different
twist in the world of MEMS.2 As an
example, issues such as friction, surface
tension, static electricity, residual stress,
etc., play a more dominant role in device
operation than forces such as gravity.
Whereas designers would have never
dreamed of supporting a sandbag-sized
mass on the end of a car antenna, desigra-
ingat the micrometer and submicrometer
scale makes these aspect ratio mis-
matches less of an issue. In fact, many
devices take advantage of this type of
configuration as a fundamental basis for
their operation.3 Additionally, the cost
of materials and fabrication tend to be
minimal when compared with items such
as facilities costs and research time.

Microfabrication and micromachining
have their origins in efforts beginning in
the mid-1960s through early 1970s. In-
vestigations at Case Western Reserve,
the University of California at Berkeley,
the University of Wisconsin, the Massa-
chusetts Institute of Technology, and the
University of Michigan followed the lead
of Stanford University in the fabrication
of the first micromachined sensor. Al-
though academia has been the leader i!
the development of the field for a num-
ber of years, it has only been since the
breakthroughs in the mid-1980s by the
University of California at Berkeley and
the University of Wisconsin that the fab-
rication tools needed for a wide array of
geometries and structures could be real-
ized with silicon.

MEMS devices ha~re achieved com-
mercial applications on a number of
fronts.’ While not trying to capture all
manufacturers or de~’ices, several corn-
mercial activities actively involved in
MEMS development are worth mention-
~g,sTexasInstruments’ digital mirror
devices are arrayed micrometer-scale
mirrors used to produce high-definition
projection images in gray scale and full
color. Accelerometers that trigger air bag
deployment in automobile crashes are
being manufactured by Analog Devices
and Lucas Nova ser:~ or. Fluid transis-
tors using rnicrochannel technology have
been developed by Redwood Microsys-
tems for integrated fluidic circuitry, with
functionality similar !0 electronic cir-
cuitry devices. Honeywell has developed
infrared cameras comprising infrared
sensitive detectors manufactured using
MEMS technology. Lawrence Livermore
National Laboratory has also developed
weapons-arming accelerometers, heat
dissipaters, and thermopneumatic
pumps. Principally constructed of met-
allized silicon, single and polycrystal-
line, these devices are fabricated by a
variety of techniques to create both
simple and complex geometry.s

Clearly the number of potential appli-
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Figure 2. An example of surface microma.
chining. (a) bare silicon substrate; (b) deposit
boron-doped polysilicon layer; (c)deposit and
pat~ern sacrificial pattern of phosphosilicate
glass (PSG); (d) deposit and pattern struc-
tural polysilicon; (e) etch away PSG to release
polysilicon cantilever.



cations far outweigh the current state of prtwcwsin~, Ihc,sc, ideas arc) c<~ming

technology. Limited only b~ imagina-
Sensors

cl{w’r tt~ rcmlity,
ticm, these innovators extend concepts

MEMS DEVICES
M Eh4S sensors belong to a class of

of their MEMS devices to no\(’1 applica - de\iccs that con\wrl nonelectric inputs
tions. Autmnobilet iresareonedayenvi - “1()fll IIy Uncilvstanci the dc,\,L~l(>}3111L,llt$ (such as temperature, pressure, accel-
sicmed to have embedded miniaturized t~f and challlv~gc,s to the matwials-sci- cration, fluid flow, etc.) to an electrical
pressure sensors that could ultimately Lmce fic~ld in the prmmt day and future signal, Although many devices and ma-
lead to a ten rmrcent saviruzs in terialscurrentlv a\~ailableareca-, .,
oil imports by assuring prcrpcr
tire pressure. Inertial guidance
systems could be used in “dumb”
munitions, thereby impro~ring
accuracy leading to reductions
in the number of weapons
needed to destroy a target and
the necessary stockpile. In-situ
monitoring is proposed to be
embedded into vehicle con>po-
nents (e.g., skin, engine, frame,
fuel system, etc.), whereby tem-
perature, pressure, stress, and
other performance characteris-
tics can be observed to establish
the historv and relative health of

pable of this co~version, fabrica-
tion using microelectronics tech-
nology allows for many attrac-
ti\~e distinctions. Because the
technology is capable of manu-
facturing on scales from centi-
meters to nanometers, device
sizes, weights, and power re-
quirements can be reduced dra-
maticali y.gAdditionally, reduced
mass, damping, and complexity
lead to devices that are capable
of greater sensitivity than their
macroscaled counterparts. The
wide array of sensing configura-
tions. materials selection. and

veh]cles ~sed in air, space, and L-1 fabrication processes provi~e de-
sea.’ Even further, the provision 1 mm signers with a multitude of de-
of stealth characteristics and im- A micromachined vibratory gyroscope fabricated at the Jet sign options. As the technology
proved aircraft performance is Propulsion Laboratory. The machine is scheduled for flight on has evolved, materials science is
considered feasible through the NASA’s X-33 mission. playing an ever-increasing role
incorporation of in the continuirw
mini; ture sen-
sors and actua-
tors controlling
minuscule varia-
tions in aerody-
namic profile for
minimizing
boundary-layer
turbulence. En-
tire vehicle devel-
opment is also
seen as plausible,
a possible ex-

develop]nent o~
the field. Sensors
that have been
developed and
demonstrated in-
clude those used
to monitor pres-
sure, accelera-
tion, seismic ac-
tivity, gas species,
temperature, op-
tical features, po-
sition, fluid flow,

am-pie being a Micromachined components of a Texas Instruments projection system. Each device controls the and many other

centimeter-size reflection of light to create one pixel in the projected display. physical inputs;
submarine, re- all are deDendent
motely controlled, that could be used to world of h4Eh4S, it is important to appre- on material selection and fa~rication
inspect and repair damage in toxic pipe ciate the development of this field and methods.
lines. Perhaps even smaller vessels will its current statcof technology. Although Many sensors operate by monitoring
one day be used to journey through your a number of processes and a variety of the displacement of elements such as
veins and arteries, removing plaque or other components can arguably fit into
diagnosing disease. With advances be-

membranes, beams, diaphragms, or
the realm of MEMS, this discussion fo- hinged masses. These elements are fab-

ing made in materials development and cuses on sensors and actuators. ricated using a number of techniques,

Table 1. Typical MEMS Processes and Techniques

Processes
—.— —

Techniques Examples of Applications

Etching
—.—

Isotropic, anisotropic, d[,pant stop Pyramidal tunneling tip, microchannel, beams,

Lithography
diaphragms, bridges

UV photo, c-beam, x-ray (synchrotrons) Dc,ep chanmding, mold formation

Thin-Film Deposition Sputtering, CVD, I’VI), clc,clrfm, };lc,ctr{dc formation, formation of active and
t,apor, sublimatit~n

Thick-Film Coating

pas+ivc, coatings
Sputtering, C\/ I), I’VI ), ~,l(~clron, fk~nding }md fi>rmation

vapor, sublinmti(~n

Electrosurfacing Anodizing, plating, ch(w]i,.,11/ (’rca[i(ln <Jfmc,tallic structures
mechanical p[)lisl]in~,

h4icrc}cutting 1.ascv, c-bran), l\I)M, i(u] Iumm l’r(ducli~ll] f)f Iargcr structurc~s

Wire Bonding Ultrasonic, tt)c,rlll(>c.(1111~~[(,wi{w Ill,clric,]l l/(Js

lnterfacial Bonding Adlwsivt,s, therm, ~l, (rictit)ll, difftl.+i[~n, l’r{,~{uc’li(u] {)f l)~t!ltisubstrat(.-b{~ndcd
<Butc,ctic, tllc,rn>.>1cxl!]>l~l<wi<)l>, ill-,)7illg Ml hlS str(lcltlrcs

Surface Alteration Ion millinx, diffusi[)ll ( 11+1(1111l,lllri,,,)ti[m and prototypirrg of
h4I MS (tt,vi~.t,s

llV-ultr,,v,&r, (.v[kh,.rl!ic,ll v,Ip<)r ch.[>q,.lll,1,),
.- . .-

Iwll ,, IIW, !! I ,.,, )<,( ,lt.,t<!’,,l, $\\\I l)\4 ,+%!,,, ,,1 ,l,.<),,,,,.>. ,,,,, <1,,,,,,,~, ,. l>,,,,,, ,1,., ,,,,,, I,,..,,,l
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inc]ucfing iscrtropic/anisotropic etching,
high-temperature fusion bonding or
dcpositicm, and subsequent support rc-
rnoval. Perhaps the most widely used, if
not widely known, of these smsor types
arc the cantilevered capacitive accelcr-
mneters. Capacitive devices operate on
the fundamental principles of interdigi-
tated plate or beam structures that form
a differential capacitor. As these struc-
tLIWS are subjec~ed to force and
are displaced, the capacitance is
measured across the structure,
They are typically mounted on a
movable mass, and fixed elec-
trodesareanchored ontothesub-
strate. Although many displace-
ment-sensitive devices operate
on the principle of capacitive
sensing, sensors using electron
tunneling, magnetoresistance,
structural resonance, piezoresis-
tive, and conventional piezoelec-
tric materialshave also beendem-
onstrated as capable of rivaling
device performance.

Inertial position sensors are
fabricated from silicon and oper-
ate by transferring the energy of
a Coriolis-type effect acting on
the device to one of several types
of sensors.g In one case, the force
acts on a dithered pair of preci-
sion accelerometers. In another
case, a doubly gimbaled clover-
leaf structure, operating in tor-
sional vibration mode, transfers
the effect into orthogonal tor-
sional vibration, wh]ch is then
correlated to the rate of rotation.

A variation on the accelerom-
eter is the MEMS hydrophore,
which uses electron tunneling as
a sensing mechanism. This de-
vice, fabricated by bulk micro-
machining, utilizes a preferen-
tially etched and metallized py-
ramidal silicon tip on a single-
crystal silicon substrate. By plac-
ing a thin silicon beam within
close proximity (one nanometer)
to the tip, electron tunneling can

,.

switch or optical deflectors), or a on~’-
timt, motion in which an object is drawm
into a locked position (Q.g., precision
,lssmbly).

hl icroscopicelcctric motors fabricated
()( silicon and micrometer-scale wires

we’re among the earliest MEMS devices
crc>at~,d.Unfortunately, when such de-
vic~)s,\\rl~icl~~’orku’ellon thcmacrolevcl,
werc~scaled down, it was found that the
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An example of a locking mechanism fabricated at UCLA using
MEMS fabrication technology.
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Atypical MEMSvibratingcomb mechanism. The device senses
a capacitance change between the comb teeth, and the sensor
is subjected to acceleration.

be established.]o As the beam is acousti-
cally excited and moves closer or further
away from the tunneling tip, varying the
voltage such that the tunneling current
is maintained allows for very precise
acoustic measurement at a fiaclion of
the mass of conventional systems.

In addition to having excellent me-
chanical-respcrnsse characteristics, silicon-
based devices are also sensitive to other
forms of energy. Optics technology and
MEMS dc\’ices are being integrated to
realize optics] measurement by means
of microscalcd Fabry-Perot interferom-
eters. ]) J{esonant-bearn strain sensors
have also demonstrated photon sensi-
tivity through the measurement of vi-
brational nlotion.12 C’lcarly, achieve-
ments using this fabrication technology

creasing role in the promotion of the
field. This technology is key to prcnid-
ing the support necessary to allow the
field to continue its growth and for c\wl
more complex designs to bc realized.

Actuators

Unlike MEMS sensors, which utilim
an external force to produce a motion in
the MEMS dc~ricc (this motion, in turn,
produce’s an cl~’ctrica] signal), MFMS

;ctuat(ms taiw an c’lc’clr ical input and

c(mi’c’rt it inh~ nl(~ti(m. In most cases, tl+’
nl(ltionl)ractllatiotl” itsc’)fisnot thc,s(mght

C’llLiPr(llillct, bllt r’lthor a 1~(’~t%>aryfL{n~-
ti(m,llity. MIIMS actuator nl(]ti(m may
be l’ilhl’r continuous” nlotion” (L’. g.,
nlicrtmlt)l[]r (w tllrbinl’), a m(~ti(m thal is

mechanical power created was
insufficient to overcome the in-
ternal friction of the device and
still produce useful work. In or-
der to work around this defi-
ciency, motors have been de\’el-
oped that utilize magnetic levi-
tation to produce a frictionless
motor. Such a micromotor was
described’3 where an arrange-
ment of stator and rotor coils
both levitated the rotor and pro-
vided power for it to spin. Even
with friction absent, the motor
had several deficiencies, perhaps
the greatest of which was that it
had to remain in an upright po-
sition as the force of g~av~ty bal-
anced the levitation force. While
it would be possible to redesign
the motor to have the levitation
force balanced by another repul-
sive force placed above the ro-
tor, this would make access to
the potential work output of the
motor essentially impossible.

Other electrically developed
forces have proven to be ex-
treme] y useful on the microscale.
The two most notable methods
of supplying power are electro-
statics and piezoelectric (PZT)
actuators.

Electrostatic forces have
proven to bean extremely useful
method to produce motion in a
wide variety of MEMS devices,
Typical designs balance theelas-
ticity of the device material
against the electrostatic force cre-
ated by two adjacent charged
electrodes. Because the spacing

in\~oh’edbetween electrodes is extremely
small in a MEMS device, the electric field
generated can be very high and the force
great even though a relatively small po-
tential is applied to the electrodes.

Sandia National Laboratories14 has
produced a complete surface micron~a-
chincd microcngine. The device converts
linear motion, produced by an arrange-
ment of linear electrostatic comb actua-
t[~rs, into rotary motion. This is acconl-
plished in much the same way an auto-
m(~bi le engine converts the linear nm-
ti(m of thepistons into the rotary motion
()( thlt d rivcshaft and wheels. Comb ac-
tuators consist of parallel arrays of clcc-
Iro~il’sarranged like interweaving tcwth
()f tU’(Jcombs; one array is fixed in posi-
t i~m, tht’ other has freed-om ofmotil>n, IIy
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T#
,, applying alternating potential to the ar- (his tc,chnolo~y ,lrc~c,llvisi(>l]c~Llfor usc in bc used in such application sasfinealign-
, rays, the movable onc undergoes a rc- a \’ariLJty [J{ applications, including illl mcnt cutectic bonding and a variety of

pea ted back-and-forth linear translation. inchw(mn mechanism, microfingcrs for
Micropumps are among the devices

medical applications such as microbi-
Illic-r(lma]li}llllalflrs, and dirccticm ctm- o}wy and endovascular therapy, Again,

of interest to a number c~fin\’estimators tr(d of micrcmptics. the largcgripping forces obtainable from
because of theirbroad range of potential A variety of thermally pow’crcxi the SMA make these applications fea-
application in systems ranging from sources of motion ha~,e also been dcm]- sible. The SMA is capable of generating
micromass spectrometers to cold-gas cmstmtcd with h4EMS devices. Onc cx- actuation stresses as high as 500 MPa at
microthrusters for new genera-
tions of microspacecraft. An elec-
trostatically driven diaphragm
pump has been fashioned using
bulk microma-chining of sili-
con.]5 The application of poten-
tial to metal films deposited on
the diaphragm and a stationary
counter electrode draws fluid
into the pump chamber through
an inlet orifice. When the voltage
is removed, the diaphragm
springs back to its relaxed posi-
tion and forces the fluid through
the outlet orifice. Precision
micromachined flap valves al-
ternately seal each orifice, thus
preventing backflow.

Researchers at Stanford Uni-
versity described an electrostati-
cally actuated ciliary micro-
actuator array for object manipu-
lation.lc The devices contain an
arrangement of independent
thermal and electrostatic actua-
tors fabricated from polyimide.
Their design allows for indepen-
dent actuation of each element
and features high lifting capac-
ity and large angle deflection
with a low power hold-down
mode. Capacitive sensing of ac-
tuator position allows for feed-
back control and object sensing.

Several investigators have
worked at developing n~icro-
grippers. These have typically
been fabricated from silicon and
either electrostatically or ther-
mally driven. However, these
devices typically remain attached
to the substrate, giving them lim-
ited usefulness. For example,
microgrirmers have been fabri-

1 I
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Erectile surface micromachined components fabricated at UCLA
showing the details of the staple/hinge mechar,ism.

L-_.__--l
100 ~m

Details of a microengine produced at Sandia National Labora-
tory.

the transformation temperature.
It has been pointed out that in

scaling down devices, the re-
sponse time of an SMA can be
greatly improved due to the de-
crease in thermal mass.21 It is
possible to have SMA-powered
actuators that function at rates
in excess of 30 Hz.

Considerable workin the field
of microoptics has been per-
formed at the University of Cali-
fornia at Los Angeles (UCLA). A
recent paper by UCLA research-
ers describes the application of
micromachining to the produc-
tion of numerous microoptical
components, which are inte-
grated into complete optical sys-
tems.x Included area variety of
micropositioners, such as rotary
stages and linear translation
stages. A unique development
that makes high-aspect micro-
optical systems possible is the
microhinge technology devel-
oped at UCLA. In this technol-
ogy, polysilicon members, which
will become standing optical el-
ements, are fabricated in a hori-
zontal position using surface
micromachining technology. At
the same time, a polysilicon
staple is fabricated that extends
through edge openings in the
optical members and joins with
the silicon substrate.

When the phosphate glass on
which the optical member and
staple have been grown is etched
away, the optical member can be
folded up from the single-crys-
tal silicon substrate surface and
is held in place by the staple.

cated- ‘u-sinrz the Litho~ravhie ample is the use of shar.w memorval]ovs Adiacent members can be fabricated ~hat
Galvanoform~ng Abformung”(LiGA)
technique.17 The devices built up in this
manner are made from electroformed
nickel.

Arrangements of piezoelectric crys-
tals or ceramics can also provide motion
to actuators in the same manner as elec-
trostaticdrives. Theauthorsof the Sandia
microenginc described above noted in
their article that PZT actuators could be
directly substituted for the electrostatic
combs. A unique variation of the PZT
actuator was described, in which a mul-
tilayer pillar of PZT cells is cncrgimd
over only a portion crf its cross section.lH
As a result, the pillar is bent as that
section of the cells expands in response
to the applic>d voltage,, Actuators using

(SMAS). SMAS have I&cn used’for tfie
microactoation of an implantablc drug-
dclivery system. ” In operation, constant
pressure is kept on the drug reservoir. A
calibrated flow channel is placed be-
tween thc~ reservoir and a controlling
valve. Th[, val\Fc is opened when the
SMA is hc~atcd and ckwc,s again when
the heat is rc}mov{’d. lk,cause SMAS
achim,c’ tllc’ir nl~)ti[m fr(ml a change in

tlw crysl,]l slructurt, of thl’ ml,lal, lhc,

forc(, thc,y CIXLIrlis tv+trlvnc>]y high, thLts
pr[)LiLlci]{g,l !,t>rf, rl,liablL, irnd r(,pc, atabtc,

wi l;, when folded up, serve to secure the
(y>tical member in place, much like fold-
ing up a cardboard cutout.

It must reemphasized that while elec-
trostatics, PZTS, and SMAS are the pri-
mary mechanisms for providing power
((v the operation of actuators, they are
far from the only mechanisms. Virtually
any physical phenomena that can pro-
d UCL’motion can and probably has been
usct~ito actuate a MEMS device. Some
or(, magnctostriction,z~ vacuum,24 and
tl]c, Lxliling of Iiquids,z’

PROCESSING TECHNOLOGY

A number of processing techniques
i]r(, a\~,ailablc,to the MEMS resc~archw
,I!KI {,]bricator; Table I demonstrates the
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LImm[m }woccss~~sa Id tc’chni q m’s a va i1- cally Ctc’p(wil films via a numbc,r L)(lCJL+- tiv~’ substrate. Bccxrusc the proc(’ss can
fiblc and provicfcs associated applica - niqucson silic(m surfaces. II), paltcvming bc carried out on the surface of a silicon
tion cxarnplcs.1’ Ihesc tcchniquc>s }lave the dcpiwik>d films, p(vti(m”s of the sLlb- chi}l, the tcchniquc is also c(mduci\’c 10
their origins in the fields of scn~ic(mduc- slrfrtc can be pr~,fc,rcmtially clcllt,d a\vay integrating the control ]l]icroc’lcctr(~llics
t(wand integrated circuit fabricationand to rc~lcasc. lIw f(wnwd microstructure. anti circuitry directly on the same chi}~.
arl~now }wevalent as tl~c’n~icro]l~achi]lillg Surface, micrornac}lining is tj’pified by This furlhcr rcduccs part complexity by
tcchniqum used to crcatc most MEMS the dc}uwition of a layer of silicon, a fcw
devices and structures.” The principal

reducing interconnect prt>blmns and
micrometers thick, from which beams dc’crc’asillgo~’crall dcvicc footprint. Smnc

adl)antagc to these pmcesscs is t}~c rc’- and other geometries can bc bLlilt. Tlw types of h4EMS dcn’ices that have twcn
duction in cm-npcmcnt cost duc to batch chaltcngc to the designer is to take ad- succcssfully manufactured using LIC, A
fabrication. While other techniques arc vantage of these thin structures to crcatc are oplica] devices, accc]cromc’ters, !Llr-

also avail ab]c, thcv tend to have l~incs, and nlotors.
lirnitcd applicaticri, high cost, or
low production yields.

These types of processin~ tech-
niques can be used in virtually any
rnicromachining technology. How-
e\’cr, thcprincipal technologies can
bc resolved into the two types of
fabrication techniques known as
bulk rnicromachining and surface
rnicromachining.

Bulk Micromachining

Bulk micromachining involves
the etching of silicon surfaces, us-
ing either wet or dry techniques
and often both. The use of combi-
nations of materials, each having
susceptibility to different etchants,
allows the construction of elabo-
rate structures such as dia~hra~ms
and tunneling tips. Curr&t te~hniques
for the bulk micromachining of silicon
diaphragms for pressure sensors have
existed for many years, while recent de-
velopments in process control have re-
sulted in greater feature definition capa-
bilities. This has consequently led to less-
expensive batch fabrication processes
and greater process yield per wafer, ul-
timately driving down the price per de-
vice. Through the selection of device
substrate (single crystal or polycrystal-
line) and etchant (isotropic or anisotro-
pic), structures such as diaphragms,
beams, bridges, and other suspended
and overhanging structures can be cre-
ated. Further, bonding multiple wafers
through a variety of advanced adhesion
and bonding techniques provides over-
stimuli protection, damping, packaging,
and circuitry integration. Figure 1 dem-
onstrates an example of a typical bulk
micromachining sequence.

With bulk micromachining tech-
niques, details such as fine corrugations
can bc achieved to enhance the sensitiv-
ityofdiaphragms andcantilevers, which,
in turn, arc capable of measuring very
minuscule changes in the operating en-
vironment. Dcpcndingon configuration,
subangstrom-scale measurements have
been demonstrated by scvera] investi-
~ators,l[l,2h,21

Surface Micromachining

%rfacc micromachining is a class of
proccsscs whereby structures arc fabri-
cated using additi\’e processing stepson
planar surface’s. T}lcsc pmccsscs typi-

A Sandia microengine with an integrated device for positioning
microoptics.

MATERIALS
DEVELOPMENT

Examples of properties that
rnakematerials candidates for
selection as MEMS sensors
have been reviewed in earlier
issues of )OM.A’ h is clear that
materials that exhibit a strong
(typically linear) response to
some external stimuli are can-
didate materials.s] These are
not limited to those conven-
tionally considered, such as
piezoelectric, but encompass
a range of characteristics to
include mechanical, thermal,
electrical, magnetic, optical,
resistive, acoustic, capacitive,
and inductive.

machines, using a two-dimensional
building process. Figure 2 shows an ex-
ample of a simple surface microma-
chining sequence.

Photolithography

Fabricated metallic microstructure
are most economically produced using
micromolding processes such as photo-
lithography. By exposing an ultraviolet-
sensitive material on a planar substrate,
mold cavities are formed in thin films
and metallized using electroplating. Sub-
sequent etching of the mold material
and substrate leaves a free-standing
metallic structure, which can then serve
as a master die for micromolding com-
plex geometries.

L.JGA relies on lithographic pattern-
ing, similar to those methods used in
surface and bulk micromachining. How-
ever, instead of using ultraviolet light to
expose the photosensitive layer through
a photolithography mask, LIGA uses
high-energy x-rays (typical of synchro-
tronssources) that penetrate to depths of
several hundred micrometers in a thick
slab of polymcthyl mcthacrylate. The
exposed areas are then chemically
stripped and mctalli?.ed using clec-
trodcposition to leave a template made
of either nickel or another material. The
result may citherbe used as a structural
clcrncnt or as a master dic for a subse-
quent mulding pt-occss. Similar to sur-
face micromachining, the LIGA-fornlcd
geonwtries arc create’d by chemically
etching away a sacrificial layer, result-
ing in the final structure on the respcc-

Materials common to microelectronic
fabrication, such as silicon, are the mate-
rials of choice for MEMS fabricators due
to their relatively low cost. However,
new materials will ultimately pave the
way for further growth in the field. As an
example, polymeric composites refer to
materials that sense environmental
changes by material properties, geom-
etry, mechanical, and electromagnetic
responses. These include materials rang-
ing from optically active polymers to
multifunctional polymers, piezopol-
ymers, and conducting polymers.
Piezopolymers involve the integration
of polymers with nanoceramic particles,
such as PZT and PLZT, by chemical
bonding thenanoparticles as side groups
on the polymer backbone. The polymer
backbone provides mechanical, electri-
cal, and structural integrity, Nano-
ceramic particles have active surfaces or
functional groups that bond with the
polymer chain and provide a piezoclcc-
tric response. This class of pol ymcr con-
verts acoustic signals into individual
components (two longitudinal and four
shear components). The conductive na-
ture of these polymers serves in the same
rnanncr as the semiconductor silicon.
Sensor and actuators can then bc ctchcd
or micromachincd on these prrlyrncric
rnatcrials.32

CONCLUSIONS

The challenge for industrial and r(’-
search institutions is tocrcatefunctiomrl
devices that pcrfrrrm an rrpcration other
than sensing the environment. The ptv
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tential Jor applications is literal]y lim-
ited’ on!y by imagination and techno-

logical mncrvaticrrt. This challenge must
also be weighed by another near-term
challenge, which is not necessarily to
continue developing more complex de-
vices and “proving the concept,” but
rather to gain a better understanding of
the design and fabrication process of
such structures. This will ultimately pro-
vide the mechanism that will lead to
commercialization of the technology in-
stead of the individual products. In
the same manner that microelectronics
technology has infiltrated virtually
every aspect of daily life, MEMS devices
are poised to have the same type of
impact.

The integration of sensors, actuators,
and computing circuits along with a
greater understanding of the unique
materials requirements of MEMS will be
the key enablers for growth in MEMS
usage. The future of MEMS applicat ions
may well read like today’s science fic-
tion novel, Artificial muscles and skins
with implanted MEMS sensors can im-
prove the life of the disabled. Active
surfaces on aircraft may monitor the air-
flow condition and optimize drag and
lift by means of arrays of microactuator
flaps. Meanwhile, smart structures will
continuously monitor the condition of
bridges, highways, and seismic struc-
tures.

Advancements in this technology are
largely restricted by current limits in

materials science. While the potential
applications far outweigh the number
and types of devices currently available,
better understanding and familiarity
with materials selection, processing, and
fabrication technology will enable re-
searchers, and ultimately commercial
industries, to meet the grandiose expec-
tation of the field.
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